Commelina yellow mottle virus (CoYMV) is the type member of the badnaviruses, a genus of plant pararetroviruses. The N-terminus of the polyprotein encoded by ORF III has limited similarity to known cell-to-cell movement proteins. To test the hypothesis that the N-terminus is required for viral movement, the phenotypes caused by mutations constructed in this region were determined. Similar to mutants affected in the reverse transcriptase, mutants affected in the putative movement protein were unable to cause a systemic infection. However, when the abilities of the mutated viral genomes to direct virion assembly and replication were tested using an in vitro stem-culture system, the mutants affected in the putative movement protein were found to assemble virions, whereas the reverse transcriptase mutants were unable to do so. Moreover, the putative movement protein mutants were shown to be replication competent by detection and mapping of one of the genomic discontinuities that are the hallmark of replication by reverse transcription. Thus the N-terminal region of ORF III is required for the systemic movement but not for the replication of CoYMV.
INTRODUCTION
infection. This active movement process is potentiated by virus-encoded movement proteins (reviewed by Hull, Commelina yellow mottle virus (CoYMV) is the type 1989; Atabekov and Taliansky, 1990; Maule, 1991 ; Deom member of the badnavirus group of plant pararetroviet al., 1992) . Plant viruses employ their movement proruses (Lockhart, 1990) . Although the genomes of a numtein(s) for spreading from infected to healthy cells by ber of badnaviruses have been sequenced and characat least two different mechanisms that are not mutually terized (Medberry et al., 1990; Dasgupta et al., 1991;  Hay exclusive (reviewed by Deom et al., 1992; McLean et al., et al., 1991; Qu et al., 1991; Bouhida et al., 1993; Hagen et 1993) . Movement proteins of a number of plant viruses al., 1993), the genomic region(s) required for badnavirus have been shown to bind nucleic acids (Citovsky et al., movement in their respective hosts has not been defini-1990, 1991, 1992 ; Giesman-Cookmeyer and Lommel, tively identified.
1993; Thomas and Maule, 1995) and to potentiate the Open reading frame (ORF) III of CoYMV is believed to movement of a movement protein-nucleic acid complex encode a 216-kDa polyprotein that is processed by a across the plasmodesmata to neighboring cells (Fujivirally encoded aspartic protease to yield a putative cellwara et al., 1993; Waigmann et al., 1994; Noueiry et al., to-cell movement protein, the coat protein, an aspartic 1994; . In addition, a number of moveprotease, reverse transcriptase, and RNase H (Medberry ment proteins have been demonstrated to be structural et al ., 1990) . Comparisons with bona fide and putative components of infection-specific virion-containing tubule movement proteins from diverse groups of plant viruses structures that extend across the plant cell wall and are have identified limited homologies between these probelieved to serve as conduits for cell-to-cell transport of teins and the N-terminal region of the protein encoded virus particles Kasteel et al., 1993 ; by ORF III, suggesting that this region is involved in the Wellink et al., 1993; Perbal et al., 1993; Wieczorek et al., cell-to-cell movement of CoYMV (Bouhida et al., 1993; 1993; Storms et al., 1995; Ritzenthaler et al., 1995; C.-P. Mushegian and Koonin, 1993; Melcher, 1993) . Cheng et al., submitted) . The movement protein of cauliFollowing their initial entry into the host, plant viruses flower mosaic virus (CaMV) has been shown to both must express gene product(s) to establish a systemic possess nucleic-acid binding capabilities and to be a structural component of tubular structures (Citovsky et that encapsidation occurs concomitantly with replication from New England Biolabs (Beverly, MA) or from Promega (Madison, WI). All nucleotide and amino acid num- (Thomas et al., 1985; Marsh and Guilfoyle 1987; Fuetterer and Hohn, 1987; Mesnard and Carriere, 1995) . Therefore, bering used throughout this paper are according to Medberry et al. (1990) . Oligonucleotide primers were synthis linkage of replication to encapsidation is a useful marker for analyzing putative movement protein-deficient thesized at the University of Minnesota or purchased from IDT (Coralville, IA). mutants for their replication competency. Finding putative movement protein mutants which are encapsidationConstruction of mutant CoYMV genomes competent, however, still leaves room for speculation whether the observed virions contain viral DNA and Three deletion mutations, MP1, MP2, and MP3 ( Fig. 1 ), whether this DNA is a product of replication by reverse which did not shift the reading frame, were constructed in transcription.
the putative movement protein coding region of ORF III For synthesis of the CoYMV genomic strands, an initiaby site-directed mutagenesis according to Kunkel (1985) . tor methionine tRNA primes negative-strand synthesis,
The oligonucleotides used for mutagenesis are listed in and a polypurine-rich oligonucleotide derived from the Table 1 . To facilitate the identification of the mutants, an RNA template primes positive-strand synthesis (MedNheI site was introduced in place of the deleted seberry et al ., 1990) . At the genomic regions corresponding quences. All of the mutations were constructed in an to the priming sites, the encapsidated CoYMV genome is EcoRV-PstI (nucleotides 7124-7489/0-3261) fragment interrupted by discontinuities. The negative-and positiveof pCoYMV89 (Medberry et al., 1990) cloned into pBluestrand discontinuities have been mapped to positions script II (SK 0 ) (Stratagene, La Jolla, CA). Following muta-7488-2 and 4700-4701, respectively (Medberry et al., genesis, a SnaBI-SphI fragment (nucleotides 269-2752) 1990). In the case of CaMV, the extreme 5 end of each was excised and cloned in place of the corresponding discontinuity has been shown to be composed of ribonuwild-type region of the infectious clone pCoinf (Medberry cleotides that are suggested to be remnants of the primet al., 1990) . Mutagenized pCoinf was linearized at a ers for replication (Guilley et al., 1983, and references unique XhoI site and ligated to the unique SalI site of therein). The discontinuities are not simply gaps in one pOCA28 ( Fig. 1 ; Medberry et al., 1990) to produce the strand; instead, they contain overlaps between the 3 infectious construct used for agroinoculation. All clones and the 5 ends of the discontinuous strand. Hohn et used for agroinoculation were propagated in the A281 al. (1985) have suggested that the short overlaps in the (Montoya et al., 1977) strain of Agrobacterium tumefadiscontinuities arise by the peeling off of limited ciens. stretches of the 3 of each strand. Thus, the site-specific
The two deletion mutations, RT1 and RT2 ( Fig. 1) , were discontinuities are the hallmark of pararetrovirus replicaconstructed in the reverse transcriptase-coding region tion by reverse transcription.
of ORF III using a PCR-based method for site-directed While a viral movement protein is required for virus mutagenesis by overlap extension (Ho et al., 1989) . The spread in the host, this protein has no predicted direct oligonucleotide primers used in this procedure are listed role in virus replication. Therefore mutations affecting a in Table 1 . To facilitate the identification of the mutants, movement protein are predicted to block movement but a NarI site was introduced in place of the deleted senot replication. We have tested this hypothesis in whole quences. The nature of each mutation was confirmed by plants and organs and confirmed this prediction. We dedideoxy-termination DNA sequencing (fmol DNA seveloped tools to distinguish between mutants with dequencing system; Promega). fects in movement from mutants with defects in replication. These tools include testing for production of virions, Plant growth conditions determining whether DNA is encapsidated in these viriCommelina diffusa plants were grown in a growth ons, and demonstrating that encapsidated DNA contains chamber with a 16 hr light:8 hr dark cycle, at 30 and 28Њ, discontinuities resulting from replication by reverse tranrespectively. scription. Our results demonstrate that the movementdeficiency phenotype of mutants in the N-terminus of Agroinoculation of plants ORF III is due to a defect in their movement rather than the replication function.
A. tumefaciens-mediated inoculation (agroinoculation) (Grimsley et al., 1986) of C. diffusa was performed as described previously (Medberry et al., 1990) . Briefly, a MATERIALS AND METHODS single colony of A. tumefaciens containing the recombinant CoYMV construct of interest was used to inoculate Standard molecular biological techniques were used for plasmid construction, selection, and propagation a 5-ml LB culture containing 300 mg/ml streptomycin, 100 mg/ml carbenicillin, and 75 mg/ml spectinomycin (Sigma (Sambrook et al., 1989; Ausubel et al., 1987) , unless noted otherwise. All restriction enzymes were purchased either Chemical, St. Louis, MO). Following growth for 48 hr, 
cells were collected by centrifugation and resuspended
Young stems of C. diffusa were harvested, leaves were removed, and stems were cut in 6-to 10-cm pieces, in 1 ml of 10 mM MgSO 4 . A sterile toothpick dipped into the concentrated culture was used to wound the stem sterilized for 10 min in 10% bleach and 0.02% Tween 20 (Sigma Chemical), and then rinsed three times with of C. diffusa plants at the second internode below the apex.
sterile distilled water. In a sterile environment, the stems were cut in 2-to 3-cm pieces and split lengthwise. The half-stem segments were placed in a susAssays for systemic infection of plants pension of the A. tumefaciens containing the viral conFollowing agroinoculation, plants were observed for struct of interest in sterile water. Agroinoculated stems 30 days. On plants agroinoculated with wild-type CoYMV were laid cut side up on a 0.8% agar medium conconstructs, systemic symptoms were routinely observed taining 0.51 MS salts (Murashige and Skoog, 1962) as yellow mottling, starting on the third leaf above the site and 0.51 B5 vitamins (Sigma Chemical). Stem segof inoculation. In ú99% of systemically infected plants, ments were incubated in a growth chamber under 16 symptoms appeared by 14 days postinoculation (Ayalahr light:8 hr dark regime at a constant temperature of Navarrete, 1992). As a further test for systemic infection, 22Њ. Following a 10-day incubation, virus extraction total DNA was extracted from uninoculated leaf material was carried out according to Bouhida et al. (1993) with (0.1 g) according to Reiter et al. (1992) , and viral sethe following modifications. Stem segments (Ç20 g) quences were detected by PCR amplification. Each PCR were washed three times with water and then ground cycle included denaturation for 30 sec at 95Њ, annealing in a coffee grinder (Braun, Germany) with dry ice pelfor 30 sec at 50Њ, and polymerization for 2 min at 72Њ, lets. The resulting powder was suspended in 40 ml of for a total of 25 cycles, using a PTC-100 programmable an extraction buffer (200 mM NaH 2 PO 4 adjusted to pH controller (MJ Research, Inc., Watertown, MA). The oligo-6.0 with 200 mM K 2 HPO 4 , 10 mM EDTA, 0.5% b-mernucleotide primers ORF I Forw and ORF II Rev (Table 1) captoethanol, and 1% Na 2 SO 3 ). The suspension was were used for viral DNA detection. PCR products were filtered through cheese cloth, clarified by extraction subjected to electrophoresis on a 0.8% agarose gel and with chloroform, and subjected to centrifugation in a visualized following staining with ethidium bromide.
Beckman JA-20 at 10,000 RPM for 15 min. The supernatant was then subjected to centrifugation in a Beckman Assay of CoYMV replication in cultured C. diffusa 50.2 Ti rotor at 35,000 rpm for 70 min. The resulting stem segments pellet was resuspended in 75 ml of resuspension buffer (10 mM K 2 HPO 4 adjusted to pH 7.4 with 10 mM An in vitro stem culture system was developed and NaH 2 PO 4 , 0.8% NaCl), shaken with an equal volume of used to determine whether mutants that did not cause a systemic infection were able to produce virions.
chloroform, and subjected to centrifugation in a Beck- Medberry et al. (1990) . b Primers used for deletion mutagenesis according to Kunkel (1985) . c Primers used for deletion mutagenesis by overlap extension PCR (Ho et al., 1989) . d Primers used for virus detection by PCR amplification.
man JA-18.1 rotor at 12,000 rpm for 5 min. The clarified Taq buffer (Perkin-Elmer, Norwalk, CT), 1.5 mM MgCl 2 , with 1.25 units of AmpliTaq. Encapsidated sequences aqueous phase constituted the partially purified virus preparation.
were released from virions and denatured by incubation at 94Њ for 4 min. Amplification was carried out in three Immunosorbent electron microscopy stages: four cycles of 94Њ/45 sec, 37Њ/30 sec, 72Њ/2 min, followed by 30 cycles of 94Њ/45 sec, 50Њ/30 sec, 72Њ/2 Immunosorbent electron microscopy (ISEM) analyses min, and a final extension at 72Њ/7 min. A 20-ml aliquot of partially purified virus preparations were carried out of each PCR was subjected to electrophoresis on a 0.8% as described by Bouhida et al. (1993) , using antibodies agarose gel and visualized following staining with ethidprepared against purified CoYMV virions (Lockhart, unium bromide. published results).
PCR-based detection and mapping of genomic Immunocapture PCR discontinuities Prior to determining whether virus particles detected by ISEM contain DNA, it was necessary to remove resid-A modification of a ligation-mediated PCR procedure (Mueller and Wold, 1989 ) was developed for detection ual A. tumefaciens and A. tumefaciens DNA. To this end, immunocapture PCR (Nolasco et al., 1993; Ducasse et al., and mapping of the site-specific genomic discontinuities that are the hallmark of pararetrovirus replication by re-1995) was employed. Affinity-purified antibody directed against the CoYMV coat protein (Cheng et al., 1996) was verse transcription. Residual RNA and DNA from plants and A. tumefaciens were removed from the partially puridiluted 1:200 in carbonate coating buffer (60 mM Na 2 CO 3 , pH 9.5). Microcentrifuge tubes (0.5 ml; Fisher Scientific, fied virus preparations by digestion with RNase A (100 mg/ml) and DNase I (25 mg/ml) for 1 hr at 37Њ. Virion DNA Pittsburgh, PA) were coated with 25 ml of the diluted antibody by incubation for 3 hr at room temperature.
was deproteinized by digestion with protease K (100 mg/ ml), in 10 mM Tris-HCl, 50 mM EDTA, and 0.5% (w/v) Coated tubes were rinsed five times with phosphatebuffered saline-0.05% Tween 20 (PBST). Partially purisodium dodecyl sulfate for 1 hr at 55Њ, followed by a phenol:chloroform extraction and precipitation with isofied virus preparations from agroinoculated stem segments were diluted 1:5 in 21 PBST-0.4% BSA to a total propanol. Following centrifugation, washing with 70% ethanol, and drying, the DNA pellet was resuspended in volume of 25 ml and added to the pretreated tubes. Following incubation overnight at 4Њ, tubes were rinsed five water and treated with piperidine (Sigma Chemical) as described by Ausubel et al. (1992) to remove RNA tracts times with PBST. For a 25-ml PCR, the following cocktail was added to the tube containing the captured virions:
presumed to be present at the discontinuities. The piperidine-treated DNA was subjected to ligation-20 pmol each of ORF I Forw and ORF II Rev primers, 0.2 mM each dNTP (Pharmacia, Piscataway, NJ), 11 Amplimediated PCR according to Hornstra and Yang (1993) with some modifications. Primer 1 (annealing at positions in cell-to-cell movement. For construction of MP3, a stretch of amino acids highly conserved among the bad-4848-4833 in the CoYMV genome) was extended to generate a blunt-ended DNA molecule terminating at the naviruses sugarcane bacilliform virus (ScBV), rice tungro bacilliform virus (RTBV), and CoYMV was deleted. site of the polypurine-rich discontinuity on the CoYMV positive genomic strand (Medberry et al., 1990) . Next, a C. diffusa plants were agroinoculated with the putative movement protein mutants. In each experiment two to staggered double-stranded DNA linker was ligated to the blunt-ended DNA. This DNA linker was composed of five plants were inoculated with a single construct and monitored for signs of a systemic infection for up to 30 linker primer 1 (25 bp) and linker primer 2 (11 bp), both designed according to Mueller and Wold (1989) . Followdays. At least three independent trials were performed with each construct. In no instance did the mutants aping ligation, an amplification reaction was carried out with linker primer 1 and primer 2 (annealing at positions pear to cause a systemic infection, whereas wild-type CoYMV constructs caused systemic symptoms in 100% 4814-4790 in the CoYMV genome). The PCR products were purified with QIAquick Spin kit (Qiagen, Chatsworth, of the test plants within 10-14 days postinoculation. Moreover, no viral DNA was detected by PCR analysis CA) and used as templates for an extension PCR protocol using an end-labeled primer 3 (annealing at positions of the uninoculated leaves of plants inoculated with the mutant constructs. The expected product was obtained 4806-4779 in the CoYMV genome). Extension products were precipitated with 1 volume isopropanol and 1/10 with DNA prepared from the uninoculated leaves of plants infected with wild-type CoYMV (data not shown). volume 5 M NaCl at 020Њ overnight, collected by centrifugation, washed twice with 80% ethanol, dried, and resuspended in a 1:2 mix of loading dye and water. The final
The putative movement protein mutants assemble extension products were denatured and resolved by virions electrophoresis on a 6% sequencing gel. The size of the extension product was determined by comparing its Since failure to detect a systemic infection could be due to either a defect in replication or a defect in virus migration to that of the products of DNA sequencing reactions performed using end-labeled primer 3 and movement, we developed a stem-culture system in which large number of cells could be inoculated, and used it pCoinf (Medberry et al., 1990) . The gel was dried and exposed to X-ray film (Kodak, Rochester, NY) overnight to assess the replication competence of the putative movement protein mutants. The principle of this system at room temperature.
is the same as that used by to detect replication of movement mutants of CaMV. Basically, if RESULTS enough cells can be infected, it is possible to detect Establishment of a systemic infection requires the replication even in the absence of movement. Given the putative movement protein high efficiency of successful agroinoculation of C. diffusa with CoYMV, we reasoned that a quantity of cells suffiTo test the hypothesis that the N-terminus of ORF III is required for virus movement, the effects of deletions cient to allow detection of replication products of movement-deficient mutants would be infected by inoculating in this region were determined. Deletion mutations that maintain the ORF III reading frame were created. This split stem segments. Two replication mutants, RT1 and RT2, which served approach both avoids disrupting the expression of the remainder of the polyprotein and avoids the potential as negative controls for these experiments were also constructed. The RT1 and RT2 mutants harbor deletion reversion that may occur with point mutations (Hohn et al., 1985) . mutations removing regions of the CoYMV reverse transcriptase that are conserved among retroviruses, retroThe regions deleted exhibit the highest sequence similarity in comparisons between the putative cell-to-cell transposons, and pararetroviruses (McClure, 1993) . These regions are implicated in template seating and movement protein of CoYMV and putative and bona fide cell-to-cell movement proteins of dsDNA and ssRNA polymerase activity (Prasad, 1993) . The two aspartate residues in the region deleted in RT2 are invariant among plant viruses (Bouhida et al., 1993; Mushegian and Koonin, 1993; Melcher, 1993) . For construction of the MP1 all RNA-dependent DNA and RNA polymerases, and mutation analysis suggested that these residues are at the and MP2 mutants, the region deleted included either aspartic acid (Asp 166) or histidine (His 140), respeccatalytic site (Prasad, 1993, and references therein; Kohlstaedt et al., 1993) . When a total of 16 plants were inocutively, which were identified as highly conserved residues in the analyses by Bouhida et al. (1993) , Mushegian lated with RT1 and when a total of 16 plants were inoculated with RT2, no symptoms or systemic viral DNA were and Koonin (1993), and Melcher (1993) . The amino acids deleted for MP1 and MP2 may be part of an RNA-binding detected in any of the inoculated plants.
Virions were detected by ISEM in partially purified domain (Mushegian and Koonin, 1993; Thomas and Maule, 1995) which is believed to play an important role preparations from stem segments inoculated with the MP1, MP2, MP3, or wild-type construct ( Fig. 2 and Table  ing that reversion of the mutation had not occurred (data not shown). 2). In contrast, no virions were detected in similar preparations from stem segments inoculated with either the The putative movement protein mutants encapsidate RT1 or the RT2 replication mutant (Fig. 2 and Table 2 ).
viral DNA To determine if the MP1, MP2, and MP3 mutations had reverted to wild type, DNA was prepared from each stem-
The results obtained with the ISEM analysis are conculture treatment and subjected to a PCR in which the sistent with the hypothesis that the putative movement region spanning the mutation was amplified and the protein-deletion mutants are able to replicate. This hyproduct was analyzed for the presence of an NheI restricpothesis also predicts that these virions will contain viral tion site that was introduced during construction of these DNA. As shown in Fig. 3 , immunocapture PCR, using mutants. In all cases, the PCR product was digested anti-CoYMV antiserum and CoYMV-specific primers (see completely by the appropriate restriction enzyme, indicatMaterials and Methods), amplified CoYMV DNA that was presumably encapsidated, in virus preparations from stem segments inoculated with the MP1, MP2, MP3, or The hypothesis that the putative movement protein defrom each other within a given experimental day based on Student's t distribution (df Å 19, a Å 0.05).
letion mutants are replication competent predicts not reasoned that the residual RNA primers covalently bound to the DNA at the discontinuity were interfering with the ligation step and must be removed. Therefore, the method was modified (Fig. 4A) to include a piperidine hydrolysis step that removes the residual RNA primers at the discontinuities. When wild-type DNA was used, the modified procedure detected a discontinuity at the expected location, suggesting that all, or nearly all, of the encapsidated DNA molecules possess RNA at the 5-end of the discontinuities, as has been observed previously for CaMV by Guilley et al. (1983) . Using this procedure, DNAs extracted from partially purified virions isolated from stem segments infected with the wild-type, MP1, MP2, or MP3 construct were all shown to contain the site-specific discontinuity located near the polypurine-rich region on the positive genomic strand of CoYMV (Fig. 4B) . This discontinuity was not detected using DNA isolated from either The N-terminus of ORF III has been hypothesized to contain the immunocapture PCR products of MP1, MP2, MP3, RT1, RT2, and wild-type CoYMV, respectively. be required for the movement of CoYMV within its plant host. This hypothesis predicts that mutations affecting this region will affect the movement, but not the replicaonly that the virions of these mutants will contain DNA, tion of CoYMV. As deletion mutants in the N-terminus of but that this encapsidated DNA will contain the site-ORF III were found to be unable to carry out a systemic specific discontinuities that are the hallmark of replicainfection, we have performed several tests which rule tion by reverse transcription (Pfeiffer and Hohn, 1983;  out the possibility that this phenotype is due to a defect Guilley et al., 1983) . Only after CoYMV replicates should in replication. it possess the discontinuities which have been mapped Mutants affected in a region that is important for movepreviously (Medberry et al., 1990) . Neither the binary vecment are expected to infect only the cells into which tor construct used for the agroinoculation, nor its T-DNA, they are introduced. In accordance with this prediction, is expected to possess these discontinuities. Therefore, relative to wild type, fewer virions were recovered from evidence for the existence of the site-specific discontinusplit stem segments that had been agroinoculated with ities in a viral genome obtained from infected plant matethe MP1, MP2, or MP3 mutants (Table 2) . Wild type conrial would provide direct evidence that the virus is replisistently had the highest titer, while MP3 stood out with cation competent and that any viral DNA detected is not the lowest (Table 2) . from any other source, such as inoculum DNA.
The region that is deleted from MP3 is conserved By conventional primer extension methods, only the among badnaviruses but not among other movement discontinuities of wild-type viral DNA from agroinocuproteins (Bouhida et al., 1993; Melcher, 1993) . Although lated stem segments were detected (data not shown).
not affecting a generally conserved region, this deletion The inability to detect the discontinuities which were hymay affect virus movement because, even though differpothesized to be present in DNA from partially purified ent movement proteins share common functions, sevirus preparations of the putative movement protein muquence conservation among viral movement proteins is tants was possibly due to the low amounts of virions generally low (Melcher, 1990; McLean et al., 1993) . (Table 2) and hence viral DNA which could be recovered Alternatively, the region deleted in MP3 may be imfrom stem segments.
portant for processing of the polyprotein. In Western blot Since ligation-mediated PCR (Mueller and Wold, 1989) analyses of C. diffusa tissue infected by CoYMV engishould be more sensitive than primer extension, we emneered to encode an epitope-tagged movement protein, ployed it to detect the site-specific discontinuity located and in similar analyses using polyclonal antibodies adjacent to the polypurine-rich region on the positive which recognize the wild-type CoYMV movement protein, strand of the CoYMV genome. Initial efforts to detect the we have detected an infection-specific protein, sized approximately 35 kDa (I. Tzafrir, B. E. L. Lockhart, and N. E. discontinuity of wild type CoYMV were unsuccessful. We Olszewski, manuscript in preparation). Based on this predicted size for the movement protein, it is possible that the MP3 deletion is at the junction between the movement protein and the coat protein and therefore affects the proteolytic processing that liberates the mature movement protein.
If it occurs, reduced polyprotein processing may result in compromised packaging efficiency which could account for the reduction in the number of particles detected from MP3-infected stem segments. This effect is not likely to occur with MP1 and MP2, because they are not affected at the putative processing region. Thomas and Maule (1995) have shown the region between amino acids 120 and 197 in the CaMV movement protein to constitute the RNA-binding domain. These authors further suggest that the RNA-binding activity has biological significance since it is this region that is most strongly conserved between caulimovirus movement proteins and the putative movement protein of badnaviruses (Bouhida et al., 1993; Thomas and Maule, 1995) . The MP1 and MP2 mutants are affected in this putative RNA-binding domain. Our data confirm that this domain is important for the ability of CoYMV to spread in its host. Further studies of these mutants with respect to characteristics such as nucleic acid-binding capability will contribute to uncovering the biological basis of the movement deficiency of these mutants.
The mutants harboring deletions in the putative movement protein-coding region were predicted to be replication competent. For pararetroviruses, an indirect way to test their replication competency is to analyze their ability to encapsidate DNA. Therefore, the detection of DNA in the virions of the putative movement protein-deficient mutants (Fig. 3) is consistent with replication competency. In addition, the inability of reverse transcriptasedeficient mutants to form virions ( Fig. 2 and Table 2 ) is in accordance with earlier work on pararetroviruses which indicates that reverse transcription is closely associated with virus encapsidation.
The virions assembled by the putative movement protein mutants were found to contain virus DNA. Moreover, strate that this viral DNA is the result of de novo replicadure: (1) the structure of the discontinuity present in encapsidated DNA; R, ribonucleotides covalently attached to the viral DNA; (2) the product of tion by reverse transcription (Fig. 4B) . Thus, the putative the piperidine treatment; (3) an illustration of the annealing site for primer movement protein-deficient mutants replicate after being IDENTIFYING THE CoYMV MOVEMENT PROTEIN plasmodesmata potentiated by the red clover necrotic mosaic virus has shown this region to be required for viral movement movement protein. Plant Cell 5, 1783 -1794 but not for replication. As the N-terminus of the ORF III Giesman-Cookmeyer, D., and Lommel, S. A. (1993) . Alanine scanning protein of all sequenced badnaviruses (Medberry et al., mutagenesis of a plant virus movement protein identifies three func-
